1. Introduction
===============

The digestive system performs the essential function of breaking down food and delivering nutrients to every cell in the human body. The stomach is a major organ of the upper part of the digestive system, and it churns food to help break it down mechanically as well as chemically. It is well known that stomach disease might cause indigestion and dyspepsia, and may lead to forms of malnutrition and weight loss \[[@B1-nutrients-07-01945]\]. Gastric ulcer (GU), also known as peptic ulcer, forms in the stomach or upper part of the small intestine and is the most frequent upper gastrointestinal acid-related disease of the digestive system, significantly affecting millions of people worldwide \[[@B2-nutrients-07-01945],[@B3-nutrients-07-01945]\]. GU is predominantly characterized by damage to the gastric mucosa in the stomach lining, resulting in abdominal pain, possible bleeding, and other gastrointestinal symptoms. The multifactorial etiology of GU includes bacterial infection, excessive alcohol intake, emotional stress, free radicals, the use of steroidal and non-steroidal anti-inflammatory drugs (NSAIDs), and nutritional deficiencies that disrupt the gastric mucosal barrier and make it vulnerable to normal gastric secretions \[[@B4-nutrients-07-01945],[@B5-nutrients-07-01945]\].

Coumarin compounds, a large class of lactones, are medicinal agents that have attracted interest due to their potential for preventing and treating diseases having a wide range of biological activities; amazingly, these compounds have shown anti-coagulant \[[@B6-nutrients-07-01945],[@B7-nutrients-07-01945],[@B8-nutrients-07-01945]\], anti-neurodegenerative \[[@B9-nutrients-07-01945],[@B10-nutrients-07-01945],[@B11-nutrients-07-01945]\], anti-oxidant \[[@B12-nutrients-07-01945],[@B13-nutrients-07-01945],[@B14-nutrients-07-01945],[@B15-nutrients-07-01945]\], anti-cancer \[[@B15-nutrients-07-01945],[@B16-nutrients-07-01945],[@B17-nutrients-07-01945],[@B18-nutrients-07-01945],[@B19-nutrients-07-01945],[@B20-nutrients-07-01945]\], anti-microbial \[[@B21-nutrients-07-01945],[@B22-nutrients-07-01945],[@B23-nutrients-07-01945]\], anti-parasitic \[[@B24-nutrients-07-01945],[@B25-nutrients-07-01945],[@B26-nutrients-07-01945]\], and anti-inflammatory \[[@B27-nutrients-07-01945],[@B28-nutrients-07-01945],[@B29-nutrients-07-01945],[@B30-nutrients-07-01945]\] efficacies. Recent studies have also demonstrated that coumarin compounds possess gastrointestinal protective properties \[[@B31-nutrients-07-01945],[@B32-nutrients-07-01945],[@B33-nutrients-07-01945],[@B34-nutrients-07-01945]\]. We also previously reported that scoparone (6,7-dimethoxycoumarin), a coumarin compound from *Hericium erinaceus* cultivated with *Artemisia capillaries*, possesses an effective gastroprotective effect on gastric lesion induced by HCl/ethanol in rats \[[@B35-nutrients-07-01945]\]. These findings suggested that scoparone may be useful as a lead compound or new agent for the prevention and treatment of gastrointestinal diseases. Thus, in the present study, several scoparone derivatives were synthesized and their gastroprotective effect against chemically induced GU and toxicological safety was investigated.

2. Experimental Section
=======================

2.1. Reagents and Materials
---------------------------

Scoparone (**1**) was isolated and identified as previously reported \[[@B35-nutrients-07-01945],[@B36-nutrients-07-01945]\]. 3,4,5-trimethoxyphenol, 7,8-dihydroxy-6-methoxycoumarin, diiodomethane, cesium carbonate, methyl (triphenylphosphoranylidence)acetate, 6,7-dihydroxycoumrin, potassium carbonate, dimethyl sulfate, titanium chloride, dichloromethyl methyl ester, ammonium chloride, absolute ethanol, hydrochloric acid, indomethacin, alcian blue dye, and formalin were purchased from Sigma-Aldrich (St. Louis, MO, USA). Rebamipide and omeprazole were purchased from Kyongbo Pharmaceutical Co. (Asan, Chungnam, Korea). All chemicals were of analytical grade.

2.2. Synthesis and Spectral Data of Scoparone Derivatives
---------------------------------------------------------

### 2.2.1. 5,6,7-Trimehoxycoumarin

Titanium chloride (135.7 mmol, 14.9 mL) was added dropwise to a stirred solution of 3,4,5-trimethoxyphenol (27.1 mmol, 5.0 g) in dichloromethane (100 mL) at 0 °C. Then the mixture was further stirred for 1 h. Dichloromethyl methyl ether (27.1 mmol, 2.4 mL) was added to this mixture and stirred at room temperature for 2 h. Saturated ammonium chloride solution was then added and reaction mixture was stirred at room temperature for 30 min. The organic phase was separated and washed with 0.1 N HCl solution (60 mL), saturated ammonium chloride solution (100 mL), and saturated hydrochloride (100 mL). The filtered solution was dried (magnesium sulfate) and evaporated under reduced pressure, and the residue was dissolved in *N*,*N*-diethylaniline (280 mL). After the addition of methyl (triphenylphosphoranylidene) acetate (22.6 mmol, 7.56 g), the reaction mixture was refluxed for 4 h. The organic phase was washed with H~2~O (400 mL) and saturated hydrochloride (200 mL), and then the filtered solution was dried and recrystallized from ethyl acetate. 5,6,7-Trimethoxycoumarin (**2**) was obtained as a pale yellow solid (1.68 g): yield 37.8%; mp 73--74 °C; IR (cm^−1^): 1032, 1105 (C--O), 1561 (C=C), 1720 (C=O); MS (*m/z*): 236 (M^+^, 100%), 221, 206, 191, 163, 135, 120, 89, 79, 69, 59, 51. ^13^C-NMR (δ ppm, DMSO) and ^1^H-NMR (δ ppm, DMSO) chemical shifts values are shown in [Table 1](#nutrients-07-01945-t001){ref-type="table"} and [Table 2](#nutrients-07-01945-t002){ref-type="table"}, respectively.

### 2.2.2. 6,7,8-Trimethoxycoumarin

Dimethyl sulfate (19.2 mmol, 1.82 mL) and potassium carbonate (19.2 mmol, 2.65 g) were added to a stirred solution of 7,8-dihydroxy-6-methoxycoumarin (4.8 mmol, 1.0 g) in acetone (10 mL), and then the mixture was refluxed for 3 h. Distilled water (20 mL) and ethyl acetate (20 mL) were added and stirred for 30 min, and the organic phase was washed with H~2~O (20 mL), dried (magnesium sulfate) and evaporated under reduced pressure, and residue was dissolved in isopropanol (2 mL). The filtered solution was dried and recrystallized from isopropanol. 6,7,8-trimethoxycoumarin (**3**) was obtained as a pale yellow solid (0.99 g): yield 86.9%; mp 104--105 °C; IR (cm^−1^): 1044, 1192 (C--O), 1566 (aromatic C=C), 1715 (C=O); MS (*m/z*): 236 (M^+^, 100%), 221, 191, 163, 135, 120, 89, 79, 69, 51; ^13^C-NMR (δ ppm, DMSO) and ^1^H-NMR (δ ppm, acetone) chemical shifts values are shown in [Table 1](#nutrients-07-01945-t001){ref-type="table"} and [Table 2](#nutrients-07-01945-t002){ref-type="table"}, respectively.

### 2.2.3. 6-Methoxy-7,8-methylenedioxycoumarin

Cesium carbonate (7.2 mmol, 2.34 g) was added to a stirred solution of 7,8-dihydroxy-6-methoxycoumarin (4.8 mmol, 1.0 g) in *N*,*N*-dimethylformamide (30 mL), and then the mixture was further stirred for 10 min. Diiodomethane (7.2 mmol, 0.58 mL) was added to this mixture and stirred at 110 °C for 1.5 h. After cooling, H~2~O (30 mL) and methylene chloride (30 mL) were added and stirred for 30 min. The organic phase was then washed with H~2~O (30 mL, 3 times), dried (magnesium sulfate) and filtered. The evaporated residue was recrystallized from methylene chloride and *n*-hexane. 6-methoxy-7,8-methylenedioxycoumarin (**4**) was obtained as a pale yellow solid (0.82 g): yield 77.5%; mp 220--221 °C; IR (cm^−1^): 1060, 1192 (C--O), 1583 (aromatic C=C), 1718 (C=O); MS (*m/z*): 220 (M^+^), 206 (100%), 191, 163, 135, 89, 79. ^13^C-NMR (δ ppm, CDCl~3~) and ^1^H-NMR (δ ppm, CDCl~3~) chemical shifts values are shown in [Table 1](#nutrients-07-01945-t001){ref-type="table"} and [Table 2](#nutrients-07-01945-t002){ref-type="table"}, respectively.

nutrients-07-01945-t001_Table 1

###### 

^13^C-NMR (carbon nuclear magnetic resonance) chemical shifts of the scoparone derivatives.

  C\*    Compound                                       
  ------ ---------- -------- -------- -------- -------- --------
  C-2    160.15     160.52   159.81   159.74   161.26   161.35
  C-3    112.08     115.70   114.44   114.44   113.97   114.28
  C-4    137.68     144.73   143.63   138.24   140.78   143.30
  C-5    148.73     105.48   105.05   104.76   112.68   112.43
  C-6    139.06     151.15   141.11   143.72   143.51   144.54
  C-7    156.93     143.72   133.97   133.31   144.91   152.02
  C-8    95.94      146.76   135.05   140.48   105.03   103.59
  C-9    150.90     141.83   139.97   133.48   151.24   150.55
  C-10   106.43     115.50   114.33   114.23   113.39   113.34
  C-11   56.42      56.60    56.82    56.83    102.36   121.53
  C-12   60.71      61.92    103.60   121.55   \-       50.81
  C-13   61.81      61.54    \-       50.64    \-       \-

\* Carbon numbering given in [Figure 1](#nutrients-07-01945-f001){ref-type="fig"}.

nutrients-07-01945-t002_Table 2

###### 

^1^H-NMR (proton nuclear magnetic resonance) chemical shifts of the scoparone derivatives.

  C\*    Compound                                                                                            
  ------ ------------------- ------------------- ------------------- ------------------- ------------------- -------------------
  C-2    \-                  \-                  \-                  \-                  \-                  \-
  C-3    6.23, 6.25(d, 1H)   6.30, 6.33(d, 1H)   6.26, 6.29(d, 1H)   6.28, 6.31(d, 1H)   6.25, 6.29(d, 1H)   6.15, 6.30(d, 1H)
  C-4    7.95, 7.97(d, 1H)   7.87, 7.89(d, 1H)   7.57, 7.59(d, 1H)   7.59, 7.61(d, 1H)   7.57, 7.60(d, 1H)   7.79, 7.93(d, 1H)
  C-5    \-                  7.03(s, 1H)         6.59(s, 1H)         6.61(s, 1H)         6.83(s, 1H)         6.59(s, 1H)
  C-6    \-                  \-                  \-                  \-                  \-                  \-
  C-7    \-                  \-                  \-                  \-                  \-                  \-
  C-8    6.86(s, 1H)         \-                  \-                  \-                  6.96(s, 1H)         6.80(s, 1H)
  C-9    \-                  \-                  \-                  \-                  \-                  \-
  C-10   \-                  \-                  \-                  \-                  \-                  \-
  C-11   3.75(s, 3H)         3.89(s, 3H)         \-                  3.95(s, 3H)         6.09(s, 2H)         7.06(s, 1H)
  C-12   3.88(s, 3H)         3.93(s, 3H)         5.17(s, 2H)         7.04(s, 1H)         \-                  3.45(s, 3H)
  C-13   3.93(s, 3H)         3.97(s, 3H)         \-                  3.49(s, 3H)         \-                  \-

\* According to carbon numbering given in [Figure 1](#nutrients-07-01945-f001){ref-type="fig"}.

### 2.2.4. 6-Methoxy-7,8-(1-methoxy) Methylenedioxycomarin

Cesium carbonate (7.2 mmol, 2.34 g) was added to a stirred solution of 7,8-dihydroxy-6-methoxycoumarin (4.8 mmol, 1.0 g) in *N*,*N*-dimethylformamide (30 mL), and then the mixture was further stirred for 10 min. Dichloromethyl methyl ether (7.2 mmol, 0.63 mL) was added to this mixture and stirred at room temperature for 5 h. Saturated sodium bicarbonate solution (30 mL) and methylene chloride (30 mL) were added and stirred for 30 min. The organic phase was washed with H~2~O (30 mL, 3 times), dried (magnesium sulfate), and filtered. The evaporated residue was recrystallized from methylene chloride and *n*-hexane. 6-Methoxy-7,8-(1-methoxy)methylenedioxycoumarin (**5**) was obtained as a pale yellow solid (0.84 g): yield 70.0%; mp 202--203 °C; IR (cm^−1^): 1047, 1204 (C--O), 1587 (aromatic C=C), 1716 (C=O); MS (*m/z*): 250 (M^+^), 235, 205 (100%), 191, 163, 135, 116, 79. ^13^C-NMR (δ ppm, CDCl~3~) and ^1^H-NMR (δ ppm, CDCl~3~) chemical shifts values are shown in [Table 1](#nutrients-07-01945-t001){ref-type="table"} and [Table 2](#nutrients-07-01945-t002){ref-type="table"}, respectively.

### 2.2.5. 6,7-Methylenedioxycomarin

Cesium carbonate (8.4 mmol, 2.74 g) was added to a stirred solution of 6,7-dihydroxycoumarin (5.6 mmol, 1.0 g) in *N*,*N*-dimethylformamide (30 mL), and then the mixture was further stirred for 10 min. Diiodomethane (8.4 mmol, 0.67 mL) was added to this mixture and stirred at 60 °C for 1.5 h. Saturated sodium bicarbonate solution (30 mL) and methylene chloride (30 mL) were added and stirred for 30 min. The organic phase was washed with H~2~O (30 mL, 3 times), dried (magnesium sulfate), and filtered. The evaporated residue was recrystallized from methylene chloride and *n*-hexane. 6,7-Methylenedioxycomarin (**6**) was obtained as a pale yellow solid (0.4 g): yield 38.0%; mp 230--231 °C; IR (cm^−1^): 1035, 1161 (C--O), 1581 (aromatic C=C), 1715 (C=O); MS (*m/z*): 190 (M^+^), 178 (100%), 163, 135, 120, 89, 79, 69. ^13^C-NMR (δ ppm, CDCl~3~) and ^1^H-NMR (δ ppm, CDCl~3~) chemical shifts values are shown in [Table 1](#nutrients-07-01945-t001){ref-type="table"} and [Table 2](#nutrients-07-01945-t002){ref-type="table"}, respectively.

### 2.2.6. 6,7-(1-Methoxy)methylenedioxycomarin

Cesium carbonate (8.4 mmol, 2.74 g) was added to a stirred solution of 6,7-dihydroxycoumarin (5.6 mmol, 1.0 g) in *N*,*N*-dimethylformamide (30 mL), and then the mixture was further stirred for 10 min. Dichloromethyl methyl ether (8.4 mmol, 0.74 mL) was added to this mixture and stirred at room temperature for 5 h. Saturated sodium bicarbonate solution (30 mL) and methylene chloride (30 mL) were added and stirred for 30 min. The organic phase was washed with H~2~O (30 mL, 3 times), dried (magnesium sulfate), and filtered. The evaporated residue was recrystallized from methylene chloride and *n*-hexane. 6,7-(1-Methoxy)methylenedioxycoumarin (**7**) was obtained as a pale yellow solid (0.85 g): yield 69.0%; mp 205--206 °C; IR (cm^−1^): 1054, 1192 (C--O), 1556 (aromatic C=C), 1712 (C=O); MS (*m/z*): 220(M^+^), 215, 189, 178 (100%), 163, 135, 120, 79. ^13^C-NMR (δ ppm, acetone) and ^1^H-NMR (δ ppm, acetone) chemical shifts values are shown in [Table 1](#nutrients-07-01945-t001){ref-type="table"} and [Table 2](#nutrients-07-01945-t002){ref-type="table"}, respectively.

2.3. Animals and Ethics Statement
---------------------------------

Sprague-Dawley (S.D.) rats (9 weeks old) and ICR mice (6 weeks old) were obtained from Taconic Korea (Daehan Biolink Co. Ltd., Umsung, Chungbuk, Korea). Animals were maintained under conventional housing conditions at 23 ± 2 °C with a controlled 12 h light/dark cycle, and drinking water and rodent chow diet were provided *ad libitum* throughout the experiment, except for the 12 h fasting period prior to treatment where the drinking water was still in free access but no diet supply was provided. All animal experiments were conducted in accordance with the principles and procedures outlined in the National Institute of Health Guide of the Care and Use of Laboratory Animals. The protocols for animal experiments were approved by the animal ethics committee at Soonchunhyang University (Ethics No. SCH13-01-02 and SCH13-01-03).

![Structure of scoparone and its synthetic derivatives. Scoparone (6,7-dimethoxycoumarin) (**1**), 5,6,7-trimethoxycomarin (**2**), 6,7,8-trimethoxycoumarin (**3**), 6-methoxy-7,8-methylenedioxycoumarin (**4**), 6-methoxy-7,8-(1-methoxy)-methylenedioxycoumarin (**5**), 6,7-methylenedioxycoumarin (**6**), 6,7-(1-methoxy)-methylenedioxycoumarin (**7**).](nutrients-07-01945-g001){#nutrients-07-01945-f001}

2.4. Gastroprotective Efficacy Assessments
------------------------------------------

### 2.4.1. HCl/Ethanol-Induced Gastritis in Rats

The male S.D. rats were fasted for 24 h prior to oral dosing with the normal saline (vehicle), rebamipide (a positive control), or test compounds ([Figure 1](#nutrients-07-01945-f001){ref-type="fig"}) at a range of doses, which are described in the results. One hour after the treatments, all animals orally received 0.5 mL of a mixture of 0.15 M HCl and 60% ethanol solution. Animals were sacrificed by cervical dislocation 3 h after the administration of HCl/ethanol solution, the stomach was removed and fixed in 4% formalin solution for 1 h, opened along the greater curvature, and photographed using a camera attached to a dissection microscope. Total area (mm^2^) of mucosal erosive lesion was measured using Photoshop CS4 Extended (Adobe, San Jose, CA, USA) software. The percentage of ulcer inhibition by test compounds was calculated by the following formula: where *%U~area~* is the percent ulcer area of the total gastric mucosa area. ED~50~ values (50% protection against GU) were calculated from the dose-response curves of logarithmic plots of each test compound.

### 2.4.2. Indomethacin-Induced Gastritis in Rats

The male S.D. rats were fasted for 24 h prior to oral dosing with normal saline, rebamipide, or test compounds at a dose of 40 mg/kg body weight. One hour after treatment, all animals orally received 0.5 mL indomethacin solution (80 mg/kg body weight, suspended in 5% sodium bicarbonate). Animals were sacrificed by cervical dislocation 6 h after the administration of indomethacin solution, the stomach was removed and fixed in 2% formalin solution for 30 min, opened along the greater curvature, and photographed using a camera attached to a dissection microscope. Total area (mm^2^) of mucosal erosive lesion was measured and the % protection was calculated as described above.

### 2.4.3. Measurement of Adherent Gastric Mucus

The male S.D. rats were fasted for 24 h prior to oral dosing with normal saline, rebamipide, or test compounds at a dose of 20 mg/kg body weight. One hour after the treatments, all animals orally received 0.5 mL of a mixture of 0.15 M HCl and 60% ethanol solution. Animals were sacrificed by cervical dislocation 3 h after the administration of HCl/ethanol solution, the stomach was removed, and parts of the stomach mucosa were rinsed with ice-cold 0.25 M sucrose. Measurement of adherent gastric mucosal mucus was assayed using alcian blue, a dye which stains acid mucosubstances, as previously described \[[@B37-nutrients-07-01945]\]. In brief, a 100 mm^2^ portion of the glandular region of the stomach was excised with a scalpel, and soaked in 0.1% alcian blue dissolved in 0.16 M of sucrose buffered with 0.05 M sodium acetate (pH 5.8) for 2 h. The unbound dye was removed using two successive washes with 0.25 M sucrose. The dye complex with mucus was extracted using 30% docusate sodium salt for 2 h. After centrifugation at 2600× *g* for 10 min, the optical density of the alcian blue solution was measured at 620 nm and calculated using the calibration curve. The adherent gastric mucosal mucus was expressed as the amount of the alcian blue (μg/g tissue).

2.5. Toxicological Safety Assessments
-------------------------------------

### 2.5.1. Acute Toxicity Studies

Acute toxicity studies were performed both in male and female ICR mice as described previously \[[@B38-nutrients-07-01945]\]. Vehicle control and test compound treated groups consisted of 10 animals each. Mice were acclimatized for 7 days before experimentation. Before dosing with test compounds, animals were fasted for 24 h with access to adequate drinking water in cases with wire mesh bottoms, to prevent coprophagy. The treated group received test compounds, and the control group received saline by gavage at a dose of 1000 mg/kg body weight. Animals were observed carefully for any indications of toxicity within the first six hours after the treatment. The mortality, body measurements, and behavior were assessed and recorded daily for 14 days after treatment. The macroscopic analyses and weight of vital organs, such as the liver, kidney, spleen, lung, and heart were compared between the animals treated with test compounds and vehicle.

### 2.5.2. Cytochrome P450 Enzyme Activity Assay *in vitro*

The inhibition assays for human cytochrome P450 (CYP) enzyme activities were performed in multiwall plates using CYP2C9 and CYP3A4 screening kits (Invitrogen Co., Carlsbad, CA, USA) according to the manufacturer's instruction. The test compounds Ketoconazole (a positive inhibition control for CYP3A4) or Sulfaphenazole (a positive inhibition control for CYP2C9) were mixed with each master pre-mix comprising CYP2C9 or CYP3A4 BACULOSOMES^®^ reagent and the regeneration system, which contained glucose-6-phosphate and glucose-6-phosphate dehydrogenase. The mixture was incubated at room temperature for 20 min. Following incubation, a CYP enzyme-specific substrate (Vivid BOMCC) and NADP^+^ were added and the mixture was incubated at room temperature for 30 min. The reaction was stopped by the addition of a Stop Reagent (CYP450 isozyme specific inhibitors). CYP activity was evaluated by measuring the fluorescence of the fluorescent metabolite generated from each CYP enzyme-specific substrate. The fluorescence was measured using a fluorescent plate reader at 409 nm (excitation) and 460 nm (emission). All experiments were performed in duplicate, and the results are expressed as percent inhibition.

2.6. Statistical Analysis
-------------------------

Statistical analyses were carried out with Graph-Pad Prism (GraphPad Software). Pairwise comparisons were performed using one-way Student's *t*-tests. Data are presented as means ± standard error of the mean (S.E.M) in the indicated number of experiments. Differences between groups were considered significant at *p*-values below 0.05.

3. Results
==========

3.1. Effect of Scoparone Derivatives on Gastric Ulcer
-----------------------------------------------------

Initially, we carried out a functional activity assay to evaluate the gastroprotective activity of synthesized scoparone derivatives on HCl/ethanol-induced GU animal model treated with a single oral dose of compound (40 mg/kg body weight in female S.D. rats). As contrasted with normal control group, oral administration of HCl/ethanol solution to the ulcer control group clearly produced characteristic hemorrhagic lesions with large liner patches of mucosal necrosis and edema that were significantly protected by scoparone (**1**) treatment ([Figure 2](#nutrients-07-01945-f002){ref-type="fig"}A), consistent with our previous observation \[[@B35-nutrients-07-01945]\]. Under our experimental condition, we confirmed that rebamipide, a currently used medicine for gastritis treatment, significantly decreases the appearance of gastric lesion with a protection rate of 57.8%. We found that treatment with 5,6,7-trimethoxycoumarin (**2**), 6,7,8-trimethoxycoumarin (**3**), and 6-methoxy-7,8-methylene-dioxycoumarin (**4**) exhibited very strong gastroprotective activities compared to rebamipide, with protection rates of 90.0%, 95.8%, and 93.1%, respectively ([Figure 2](#nutrients-07-01945-f002){ref-type="fig"}). In contrast, the gastroprotective activities of 6-methoxy-7,8-(1-methoxy)-methylenedioxycoumarin (**5**), 6,7-methylenedioxycoumarin (**6**), and 6,7-(1-methoxy)methylenedioxycoumarin (**7**) were similar to rebamipide treatment ([Figure 2](#nutrients-07-01945-f002){ref-type="fig"}). We further found that treatment with a dose of 40 mg/kg of scoparone (**1**), 5,6,7-trimethoxycoumarin (**2**), and 6,7,8-trimethoxycoumarin (**3**) effectively inhibited indomethacin-induced gastric damages, an NSAID drug-induced GU. However, treatment of animals with 6-methoxy-7,8-methylene-dioxycoumarin (**4**), which exhibited strong inhibitory activity against HCl/ethanol-induced GU, showed equipotent gastroprotective activity that of rebamipide on indomethacin-induced GU ([Supplementary Figure S1](#nutrients-07-01945-s001){ref-type="supplementary-material"}).

![The effect of scoparone and its synthetic derivatives on HCl/ethanol-induced gastric ulcers. (**A**) Rats treated with normal saline, as the vehicle, show no injuries to the gastric mucosa (normal). Rats pretreated with normal saline followed by oral administration of HCl/ethanol solution. Severe injuries and hemorrhage necrosis are seen in the gastric mucosa (ulcer control). Rats pretreated with a 40 mg/kg dose of rebamipide, scoparone (**1**), 5,6,7-trimethoxycomarin (**2**), 6,7,8-trimethoxycoumarin (**3**), 6-methoxy-7,8-methylenedioxycoumarin (**4**), 6-methoxy-7,8-(1-methoxy)-methylenedioxycoumarin (**5**), 6,7-methylenedioxycoumarin (**6**), or 6,7-(1-methoxy)-methylenedioxycoumarin (**7**) followed by oral administration of HCl/ethanol solution. Stomachs were dissected, and imaged by bright field microscopy. Representative images of the each experimental group are shown; (**B**) Gastric ulcer lesion area was quantified. Data shown as mean ± SEM of (*n* = 8). **\****p* \< 0.05 *vs.* ulcer control as determined by Student's *t*-test.](nutrients-07-01945-g002){#nutrients-07-01945-f002}

In addition, two potent scoparone derivatives, 5,6,7-trimethoxycoumarin (**2**) and ,7,8-trimethoxycoumrin (**3**), showed a dose-dependent protective activity against HCl/ethanol-induced GU with ED~50~ values of 3.94 and 2.93 mg/kg, respectively, which are stronger than that of rebamipide (ED~50~, 9.53 mg/kg) and scoparone (**1**) (ED~50~, 4.21 mg/kg) ([Figure 3](#nutrients-07-01945-f003){ref-type="fig"}). These findings demonstrated a potent and improved gastroprotective activity by synthesized scoparone derivatives, especially 5,6,7-trimethoxycoumarin (**2**) and 6,7,8-trimethoxycoumarin (**3**), compared to standard treatment in two different rodent model of GU.

3.2. Effect of Scoparone Derivatives on Adherent Gastric Mucus
--------------------------------------------------------------

To investigate the possible mechanism of gastroprotective activity, we tested the effect of 5,6,7-trimethoxycoumarin (**2**) and 6,7,8-trimethoxycoumarin (**3**), two scoparone derivatives that showed significantly improved gastroprotective activity compared to scoparone on HCl/ethanol-induced gastritis, on gastric mucus secretion in gastric lesion. The effects of 5,6,7-trimethoxycoumarin (**2**) and 6,7,8-trimethoxycoumarin (**3**) on the adherent mucus content of gastric mucosa are presented in [Table 3](#nutrients-07-01945-t003){ref-type="table"}. The alcian blue binding capacity of gastric wall mucus was significantly reduced in rats exposed to HCl/ethanol solution (ulcer control), which was recovered by treatment with rebamipide (1584 ± 80 μg/g of tissue), compared to normal control rats (1618 ± 64 μg alcian blue/g of tissue). We found that rats treated with 5,6,7-trimethoxycoumarin (**2**) (1424 ± 83 μg/g of tissue) and 6,7,8-trimethoxycoumarin (**3**) (1876 ± 51 μg/g of tissue) at 20 mg/kg body weight significantly increased the adherent gastric mucus content compared to the ulcer control (456 ± 74 μg/g of tissue). These findings suggest that the potent gastroprotective activities of 5,6,7-trimethoxycoumarin (**2**) and 6,7,8-trimethoxycoumarin (**3**) may be mediated by induced gastric mucus secretion.

###### 

The dose-dependent effect of scoparone and its synthetic derivatives on HCl/ethanol-induced gastric ulcers. (**A**) Normal saline, as the vehicle, or normal saline and HCl/ethanol solution treated rats were used as normal control or the ulcer control, respectively. Rats were pretreated with a range of doses of rebamipide, scoparone (**1**), 5,6,7-trimethoxycomarin (**2**), or 6,7,8-trimethoxycoumarin (**3**), as presented in the figure. Rats were subsequently treated with HCl/ethanol solution. Stomachs were dissected, and imaged by bright field microscopy. A representative image of each experimental group is shown; (**B**) Gastric ulcer lesion area was quantified. Data shown as mean ± SEM of (*n* = 8). **\****p* \< 0.05 *vs.* ulcer control as determined by Student's *t*-test.

![](nutrients-07-01945-g003a)

![](nutrients-07-01945-g003b)
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###### 

Effect of scoparone derivatives on adherent gastric mucus content in HCl/ethanol-treated rats.

  Treatment                          Dose (mg/kg body weight)   Adherent Mucus (μg alcian blue/g tissue)
  ---------------------------------- -------------------------- ------------------------------------------
  Normal control                     \-                         1618 ± 64^\*^
  Ulcer control                      \-                         456 ± 74^\*^
  Rebamipide                         20                         1584 ± 80 \*
  5,6,7-trimethoxycoumarin (**2**)   20                         1424 ± 83 \*
  6,7,8-trimethoxycoumarin (**3**)   20                         1876 ± 51 \*

Rats were pretreated with normal saline (normal control), rebamipide (positive control), 5,6,7-trimethoxycoumarin (**2**), or 6,7,8-trimethoxycoumarin (**3**) at a dose of 20 mg/kg or saline (ulcer control) one hour before they were subjected to HCl/ethanol solution treatment. The adherent gastric mucus content was measured as described in the methods. Data are shown as mean ± SEM of (*n* = 6). \* *p* \< 0.05 *vs.* ulcer controls as determined by Student's *t*-test.

3.3. Acute Toxicity Assay Results
---------------------------------

Acute toxicities in mice treated with 5,6,7-trimethoxycoumarin (**2**) and 6,7,8-trimethoxycoumarin (**3**), two potent scoparone derivatives, were investigated. A single oral administration of test compounds at 1000 mg/kg body weight revealed no toxicity in treated ICR mice. After 14 days of administration, no animal died and no significant alteration in body weight ([Figure 4](#nutrients-07-01945-f004){ref-type="fig"}) or relative weight of liver, kidney, spleen, heart, or lungs were observed in relation to the vehicle control group ([Supplementary Table S1](#nutrients-07-01945-s001){ref-type="supplementary-material"}). The LD~50~ values, expressed as mg of compound per kg of mouse body weight, were calculated according to the statistical Probit method. The LD~50~ values obtained were 3812 to 3857 and 2111 to 3500 for 5,6,7-trimethoxycoumarin (**2**) and 6,7,8-trimethoxycoumarin (**3**), respectively, in adult male and female ICR mice ([Table 4](#nutrients-07-01945-t004){ref-type="table"}). These results indicate that 5,6,7-trimethoxycoumarin (**2**) and 6,7,8-trimethoxycoumarin (**4**) have low acute oral toxicity in mice.

![Mice body weight changes following oral administration with scoparone derivatives. Both male (**A**) and female (**B**) 7 week old ICR mice were orally administered saline (black circles) or 1000 mg/kg 5,6,7-trimethoxycomarin (**2**) (blue circles) or 6,7,8-trimethoxycoumarin (**3**) (purple triangles). Data are shown as mean ± SEM of (*n* = 10). There are no significant differences between groups.](nutrients-07-01945-g004){#nutrients-07-01945-f004}
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The effect of scoparone derivatives on acute oral toxicity in mice.

  Treatment                          LD~50~ (mg/kg body weight)   
  ---------------------------------- ---------------------------- ------
  5,6,7-trimethoxycoumarin (**2**)   3812                         3857
  6,7,8-trimethoxycoumarin (**3**)   2111                         3500

3.4. Effect of Scoparone Derivatives on Human Recombinant CYP Enzyme Activity
-----------------------------------------------------------------------------

As part of a safety study, the effect of 5,6,7-trimethoxycoumarin (**2**) and 6,7,8-trimethoxycoumarin (**3**) on CYP enzyme activity was investigated. We found that CYP3A4 activity was slightly decreased by 5,6,7-trimethoxycoumarin (**2**) (19.1%) and 6,7,8-trimethoxycoumarin (**2**) (15.8%) treatment at 10 μM, and CYP2C9 activity was not affected by test compounds at the same concentration ([Table 5](#nutrients-07-01945-t005){ref-type="table"}). We further confirmed that, under our experimental condition, the CYP3A4 inhibitor ketoconazole and CYP2C9 inhibitor Sulfaphenazole specifically inhibited the enzyme activity of CYP3A4 and CYP2C9, respectively. These results suggest that 5,6,7-trimethoxycoumarin (**2**) and 6,7,8-trimethoxycoumarin (**3**) may have a low risk of drug-drug interaction.
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Effect of scoparone derivatives on the activity of human recombinant cytochrome P450 (CYP) enzymes.

  Treatment                          Concentration (μM)   Inhibition (%)   
  ---------------------------------- -------------------- ---------------- ------
  Ketoconazole                       20                   97.5             0
  Sulfaphenazole                     20                   0                93.4
  Scoparone (**1**)                  10                   32.7             0
  5,6,7-trimethoxycoumarin (**2**)   10                   19.1             0
  6,7,8-trimethoxycoumarin (**3**)   10                   15.8             0

4. Discussion
=============

In present study, scoparone derivatives were synthesized and their gastroprotective efficacy, acute toxicity, and drug-drug interaction potential were evaluated in rodents. We demonstrated that 5,6,7-trimethoxycourmarine (**2**) and 6,7,8-trimethoxycoumarin (**3**), which have the electron donating substituent (-OCH~3~) at position C-5 or C-8 of the scoparone's phenyl ring, strongly improve gastroprotective activity in both HCl/ethanol- and indomethacin-induced GU rat models. Additionally, we demonstrated that these chemically modified scoparone derivatives protect the gastric mucosal surface by significantly inducing gastric mucus secretion in rats. We also found that 5,6,7-trimethoxycourmarine (**2**) and 6,7,8-trimethoxycoumarin (**3**) have low acute oral toxicity in mice, and cause minimal changes to human CYP enzyme activity.

Scoparone (**1**) is a coumarin compound that has been reported to exhibit diverse biological actions, including hepato-protective \[[@B39-nutrients-07-01945],[@B40-nutrients-07-01945],[@B41-nutrients-07-01945],[@B42-nutrients-07-01945]\], anti-inflammation \[[@B12-nutrients-07-01945],[@B43-nutrients-07-01945],[@B44-nutrients-07-01945]\], anti-cancer \[[@B45-nutrients-07-01945],[@B46-nutrients-07-01945]\], anti-neurodegenerative \[[@B47-nutrients-07-01945],[@B48-nutrients-07-01945]\], and anti-oxidant \[[@B12-nutrients-07-01945],[@B49-nutrients-07-01945]\] effects. We previously reported that scoparone (**1**) provides a gastroprotective effect in HCl/ethanol-induced GU rat model \[[@B35-nutrients-07-01945]\]. On this basis, we directed our attention to the chemical modification of scoparone (**1**) with the aim of improving gastroprotective activity ([Figure 1](#nutrients-07-01945-f001){ref-type="fig"}). In the present study, we found that two scoparone derivatives, 5,6,7-trimethoxycourmarine (**2**) and 6,7,8-trimethoxycoumarin (**3**), significantly improve gastroprotective activity against both HCl/ethanol- and indomethacin-induced GU compared to scoparone (**1**), resulting in over 90% GU reversal. This suggests that the substituents at the scoparone moiety, particularly those at positions C-5 and C-8, influence the gastroprotective activity in a significant manner. Electron-donating groups, such as -OCH~3~, -OH, and -NH~2~, are known to increase biological activity and have generally been associated with an increase in the lipophilicity of compounds \[[@B50-nutrients-07-01945]\]. This might explain the improved gastroprotective activity of 5,6,7-trimethoxycoumarin (**2**) and 6,7,8-trimethoxycoumarin (**3**), which have an -OCH~3~ group at position C-5 or C-8 of the scoparone's phenyl ring, respectively, compared to scoparone (**1**). Conversely, other scoparone derivatives containing a dioxolane ring at position C-6, C-7, or C-8 showed significantly reduced gastroprotective activity even though 6-methoxy-7,8-methylenedioxycoumarin (**4**), which has a dioxolane ring as well as an -OCH~3~ group at position C-6, effectively inhibited HCl/ethanol-induced GU but not indomethacin-induced GU. This result suggested that the presence of bulkier substituents containing a dioxolane ring at position C-6, C-7, or C-8 may be associated with significantly reduced gastroprotective efficacy. This indicates the critical role of electronic as well as steric effects on gastroprotective activity. Taken together, our findings demonstrated that the introduction of a methoxy group at the position C-5 or C-6 of the scoparone's phenyl ring improves the gastroprotective efficacy of scoparone (**1**).

Ulcerogenic risk factors, such as excessive alcohol consumption and use of NSAID drugs, cause dispersal of the protective mucus gel and the phospholipid bilayer, resulting in acid back diffusion and mucosal injury secretions. The first line of defense against acid is the gastric mucus, which together with bicarbonate, covers the entire gastric mucosa and protects against ulcerogenic factors \[[@B4-nutrients-07-01945],[@B5-nutrients-07-01945],[@B51-nutrients-07-01945]\]. Scoparone (**1**) is known to stimulate airway and intestinal mucosal secretion \[[@B52-nutrients-07-01945]\]. However, scoparone (**1**) and its derivatives have never been evaluated for their effect on gastric mucus secretion. In the present study, we demonstrated that S.D. rats treated with HCL/ethanol solution show a significant reduction in gastric wall mucus level, and this was effectively reversed by oral administration of 5,6,7-trimethoxycoumarin (**2**) and 6,7,8-trimethoxycoumarin (**3**). This suggests that 5,6,7-trimethoxycoumarin (**2**) and 6,7,8-trimethoxycoumarin (**3**) might protect against GU by increasing gastric mucus secretion from gastric mucosal cells.

The magnitude of the therapeutic *versus* toxicological effects of a drug is a vital parameter in assessing a drug's applicability in the clinic. As part of this pharmacological study, 5,6,7-trimethoxycoumarin (**2**) and 6,7,8-trimethoxycoumarin (**3**) were investigated for the acute toxicity. Our acute toxicity study showed that 5,6,7-trimethoxycoumarin (**2**) and 6,7,8-trimethoxycoumarin (**3**) were safe when given as a single dose by oral gavage to mice at 1000 mg/kg body weight. Throughout the experimental period, there were no clinical signs or gross findings indicating treatment-related adverse effects in any of the 5,6,7-trimethoxycoumarin (**2**) and 6,7,8-trimethoxycoumarin (**3**) treated mice. Although clinical indications like body weight loss were observed in some mice, these symptoms generally occurred spontaneously in the toxicity test due to systemic administration \[[@B53-nutrients-07-01945]\]. Additionally, these symptoms were not statistically significant. Therefore, this symptom was not considered to be a 5,6,7-trimethoxycoumarin (**2**) or 6,7,8-trimethoxycoumarin (**3**) treatment-related abnormality. In addition, no gross findings and organ weight changes were observed in same animals. Based on these results, 5,6,7-trimethoxycoumarin (**2**) and 6,7,8-trimethoxycoumarin (**3**) are extrapolated to offer a wide margin of safety by oral administration. However, since toxicity in animals and humans is genetically diverse and may respond differently in particular individuals, especially with respect to people with gastrointestinal disorders, additional toxicological assessments need to be performed to evaluate the safety of 5,6,7-trimethoxycoumarin (**2**) and 6,7,8-trimethoxycoumarin (**3**).

Interaction of drug with another drug (drug-drug interaction), food, or dietary supplement (drug-food/nutrition interaction) represents a major safety concern in drug treatment \[[@B54-nutrients-07-01945],[@B55-nutrients-07-01945]\]. CYPs generally convert a large number of exogenous compounds (toxic, carcinogenic, and most pharmaceutical agents) to less toxic compounds. CYP enzymes are mainly expressed in the human liver and gastrointestinal tract and metabolize many pharmacologic agents and chemicals. It is well known that CYP3A4 is one of the dominant CYP enzymes in both the liver and extra-hepatic tissues, and it plays an important role in the oxidation of xenobiotics and contributes to the metabolism of about 60% of currently used therapeutic drugs \[[@B56-nutrients-07-01945],[@B57-nutrients-07-01945]\]. It is also well established that CYP2C9 is one of the major CYP enzymes involved in the metabolism of a wide range of therapeutic agents, fatty acids, prostanoids, and steroid hormones \[[@B58-nutrients-07-01945],[@B59-nutrients-07-01945]\]. Therefore, induction or inhibition of CYP3A4 or CYP2C9 enzyme activity is important for the identification of potential drug-drug interactions or toxicity of drugs in humans \[[@B60-nutrients-07-01945],[@B61-nutrients-07-01945],[@B62-nutrients-07-01945]\]. We investigated the effect of 5,6,7-trimethoxycoumarin (**2**) and 6,7,8-trimethoxycoumarin (**3**) on the enzyme activity of human CYP3A4 and CYP2C9 *in vitro*. We found that 5,6,7-trimethoxycoumarin (**2**) and 6,7,8-trimethoxycoumarin (**3**) only produced 19.1% and 15.8% inhibition, respectively, on CYP3A4 metabolism while scoparone (**1**) produced a 32.7% inhibition at the same concentration. We also found that 5,6,7-trimethoxycoumarin (**2**) and 6,7,8-trimethoxycoumarin (**3**) have no affect on CYP2C9 enzyme activity. These results indicate that the drug-drug interaction potential of 5,6,7-trimethoxycoumarin (**2**) and 6,7,8-trimethoxycoumarin (**3**) with CYP3A4 and CYP2C9 substrates is very low.

It has previously been reported that 5,6,7-trimethoxycoumarin (**2**) \[[@B63-nutrients-07-01945],[@B64-nutrients-07-01945],[@B65-nutrients-07-01945],[@B66-nutrients-07-01945],[@B67-nutrients-07-01945],[@B68-nutrients-07-01945],[@B69-nutrients-07-01945],[@B70-nutrients-07-01945]\] and 6,7,8-trimethoxycoumarin (**3**) \[[@B71-nutrients-07-01945],[@B72-nutrients-07-01945],[@B73-nutrients-07-01945],[@B74-nutrients-07-01945],[@B75-nutrients-07-01945]\] can be isolated from several medicinal plants, but its biological activities remain poorly understood to date. To the best of our knowledge, this is the first comprehensive study on the synthesis of scoparone derivatives and their gastroprotective activity and toxicological safety.

5. Conclusions
==============

In conclusion, among the tested scoparone synthetic derivatives, 5,6,7-trimethoxycoumarin and 6,7,8-trimethoxycoumarin have great potential for use in the protection against and treatment of GU with low acute oral toxicity and drug-drug interaction potential. Therefore, 5,6,7-trimethoxycoumarin and 6,7,8-trimethoxycoumarin might have potential for further development as a safe and effective therapeutic agent in protecting and treating gastrointestinal disorders. Further studies are warranted to determine the exact gastroprotective mechanism of 5,6,7-trimethoxycoumarin and 6,7,8-trimethoxycoumarin, and to investigate how they can be used in gastrointestinal disease therapies.
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